PbSe is a surprisingly good thermoelectric material due, in part, to its low thermal conductivity that had been overestimated in earlier measurements. The thermoelectric figure of merit, zT, can exceed 1 at high temperatures in both p-type and n-type PbSe, similar to that found in PbTe. While the p-type lead chalcogenides (PbSe and PbTe) benefit from the high valley degeneracy (12 or more at high temperature) of the valence band, the n-type versions are limited to a valley degeneracy of 4 in the conduction band. Yet the n-type lead chalcogenides achieve a zT nearly as high as the p-type lead chalcogenides. This effect can be attributed to the weaker electron-phonon coupling (lower deformation potential coefficient) in the conduction band as compared with that in the valence band, which leads to higher mobility of electrons compared to that of holes. This study of PbSe illustrates the importance of the deformation potential coefficient of the charge-carrying band as one of several key parameters to consider for band structure engineering and the search for high performance thermoelectric materials.
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energy | semiconductor | quality factor W aste heat recovery using thermoelectric power generation is attracting considerable interest from the automobile industry (1) as well as from many other areas (2) . Large-scale production of bulk materials with high figure of merit, zT, defined as zT ¼ S 2 σT∕ðκ e þ κ L Þ (S is the Seebeck coefficient, σ is the electric conductivity, and κ e and κ L are the electronic and lattice thermal conductivity, respectively), is the key to widespread adaption of thermoelectric technology. The search for good thermoelectric materials has focused on investigating semiconductors that have suitable band structures and low thermal conductivities (3, 4) . As one of the first investigated material systems (5), PbTe and its alloys have been extensively studied and remain some of the best (6, 7) thermoelectric materials for applications from 500 to 900 K. Considerable effort has been made to achieve a higher zT in these alloys by reducing the lattice thermal conductivity, κ L , by incorporation of nanometer scale inclusions (8) (9) (10) (11) . Other strategies approach the challenge of increasing zT from different angles, such as band structure distortion by Tl doping (12) , and more recently, increasing band degeneracy by converging two different valence bands in p-type PbTe (13) .
It can be shown that the material parameter called the thermoelectric quality factor, B, B ¼ k B e 2 2eðk B TÞ 3∕2
determines the optimized figure of merit (14) (15) (16) (N V is the band degeneracy, m Ã b is the density of states effective mass of a single band, μ 0 is the mobility at nondegenerate limit, and κ L is the lattice thermal conductivity). This expression is derived for semiconductors with single band transport behavior where the carrier concentration can be optimized to achieve maximum zT. For good thermoelectric semiconductors the dominant scattering mechanism at high temperatures, where zT peaks, is typically due to acoustic phonons. The deformation potential theory of Bardeen and Shockley (17) enables the nondegenerate mobility, μ 0 , in B to be replaced with parameters more descriptive of the band structure, namely the effective mass and deformation potential coefficient, Ξ, of the conducting band. This gives the resulting expression when multivalley conduction is considered (18):
where m Ã I is the inertial effective mass and C l is a combination of elastic constants. The deformation potential coefficient describes the change in energy of the electronic band with elastic deformation and thus describes the interaction, or coupling, between electrons and phonons.
Including this relationship in the expression for B reveals
Because κ L is generally independent of electronic band structure* (19) , this relation for B suggests that Ξ is an important factor determining the maximum performance of a thermoelectric material.
The high thermoelectric performance of p-type PbSe, a lower cost analog of PbTe, has been a relatively recent discovery (20) (21) (22) . Originally, PbSe was thought to be significantly inferior to PbTe because of higher thermal conductivity and lower band gap (22) . This turns out not to be the case at high temperatures where zT is greatest. The lattice thermal conductivity of PbSe is nearly as low as PbTe because of the larger (21) Grüneisen parameter of PbSe relative to PbTe while the band gap of PbSe increases rapidly with temperature, actually exceeding that of PbTe above 500 K (23, 24) . Like with PbTe, the zT for PbSe can be greater than 1 with dense samples, optimal doping, and utilizing the thermal diffusivity technique for thermal conductivity measurements. In this study, we have measured a peak zT for Br-doped PbSe to be 1.1 AE 0.1 at 850 K in five different samples, using different measurement techniques in different institutions on the same sample (see Fig. 1 and SI Material for comparison of each property and zT for Br-doped samples measured at Caltech, This article is a PNAS Direct Submission. A.S. is a guest editor invited by the Editorial Board.
*When κ L is dominated by Umklapp scattering, typically the most important phonon scattering process for thermoelectrics above room temperature, it can be related to other physical properties as
In the case for glass-like phonon thermal conductivity, κ L is related to these properties as κ L ∝ ffiffiffi Shanghai Institute of Ceramics-Chinese Academy of Sciences, and Jet Propulsion Laboratory).
Early measurement on optimally doped PbTe and PbSe had overestimated the thermal conductivity, which has led to an underestimate (7) of zT. This overestimation of thermal conductivity can be traced to the unavailability of data (25) or the technique for high temperature thermal conductivity. Today the most used technique for high temperature thermal conductivity is the flash diffusivity method as opposed to the steady-state method because of inaccuracies resulting from radiation losses during measurement (26) . Our thermal conductivity measurements on PbSe are consistent with those of other laboratories using the same diffusivity technique (some reported subsequent to the original submission of this manuscript). The thermal conductivity measured by the steady-state method (22) is significantly higher than that measured by five independent groups using the diffusivity technique (Fig. 1) .
Additionally, high zT in p-type PbSe is attributed to the high band degeneracy (N V ≥ 12) at high temperatures (13, 21) . Conversely, the conduction band for PbSe has a much lower band degeneracy of 4. With these attributes in mind, n-type PbSe should not be expected to have high zT; nevertheless, with optimized carrier density, zT is found to be as high as approximately 1.2 at 850 K, as shown below. The explanation for the surprisingly large zT is a smaller deformation potential coefficient of the conduction band compared to the valence band, as evidenced by high carrier mobility resulting from weak scattering.
N-type PbSe is formed by substitution of Se 2− with a halogen, such as Br − , with one conducting electron produced for each substituted atom. A slight amount of excess Pb is commonly used (25, 27) to minimize compensating metal vacancies that lead to p-type conduction as well as to improve the mechanical strength. Br is chosen in this study because it is closest in atomic size and electronic structure to Se and thus is expected to have minimal effect on the carrier mobility.
The Hall carrier density (n H ¼ 1∕eR H; R H is the measured Hall coefficient) can be tuned from 7 × 10 18 to 5 × 10 19 cm −3 by controlling the dopant concentration. The samples are identified with their Hall carrier density at 300 K for the following discussion while their nominal compositions are given in SI Material.
The measured values of n H are in good agreement with expected value based on Br content (Fig. 2) . Exactly one electron in the conduction band per Br atom is expected for PbSe 1-x Br x based on the simple valence principle, which provides a good model for heavily doped thermoelectric semiconductors (28) . Earlier results on Cl doped PbSe appear to follow this valence principle (22) , while more recent results on Cl doped PbSe show far fewer carriers than expected. The fewer than expected carriers may indicate the presence of other bulk or surface defects that lead to the reduced mobility of these samples (29) .
PbSe is a small band gap semiconductor in which the direct band gap forms between bands with small band mass (30) . The band extrema is located at the L point of the Brillouin zone and has four equivalent ellipsoid pockets (24) (N V ¼ 4) that dominate the transport properties for n-type PbSe. As with all lead chalcogenides, the conduction band (and the light valence band) have been shown to be nonparabolic (7, 23, (31) (32) (33) , with transport properties that can be well characterized by the single Kane band (SKB) model (24) . It is confirmed here that the SKB model quantitatively explains the observed electronic transport properties throughout the temperature and doping range discussed in this paper (SI Material).
Both the Seebeck coefficient and resistivity increase with increasing temperature for the majority of the samples in this study, as shown in Fig. 3 A and B, respectively. These trends are consistent with degenerate semiconducting behavior.
The total thermal conductivity ( Fig. 3C ) decreases with temperature, reducing to 1.0-1.4 W∕mK at 850 K, depending on the doping level. The lattice thermal conductivity, κ L , is calculated by subtracting the electronic contribution (κ e ¼ LT∕ρ) from the measured total thermal conductivity, where L is calculated using the SKB model. The κ L for several optimally doped samples, as well as the averaged value (dashed line), are shown in SI Material and indicate a κ L of approximately 0.8 W∕mK at 850 K, which is consistent with the previously reported (21) value for κ L of p-type PbSe (approximately 0.6 W∕mK at 850 K)
The zT values as a function of temperature are shown in Fig. 4 . The optimal doping level is found to be around 3 × 10 19 cm −3 , achieving zT as high as 1.2 at 850 K. The zT value of 1.0 ∼ 1.2 was obtained in multiple samples with room temperature n H between 2.9 and 3.4 × 10 19 cm −3 and whose transport properties were measured both perpendicular and parallel to the hot press direction (SI Material).
It may be surprising that zT > 1 can be achieved in properly doped n-type PbSe where a single band with a relatively small N V ¼ 4 is responsible for the electronic transport properties. In comparison, the light valence band of p-type PbSe with same m Ã b and N V as the conduction band has a much lower zT (SI Material). Properly doped p-type PbSe achieves high zT at high temperatures due to the influence of the heavy valence band, which produces an extraordinarily large number of valleys (N V ≥ 12) (13, 21) . Thus, high zT in n-type PbTe suggests an advantage in the character of the conduction band that compensates for the relatively low number of degenerate valleys. The accuracy of the SKB model in characterizing carrier transport in the light bands at the L point, in combination with the fact that the effective mass and elastic properties (i.e., C l ) of the n-type and p-type PbSe are found to be the same, allow for the compensating effect in the n-type material to be traced to the deformation potential coefficient (Ξ), as discussed below. Fig. 5A shows the Seebeck coefficient versus Hall carrier density at 300 K for both n-and p-type samples. The agreement of the calculated curve for both materials indicates that the density of states effective mass, m Ã ¼ N V 2∕3 m b Ã , is the same (m Ã ¼ 0.27 m e ) for both the conduction band and the light valence band. In addition, the speed of sound was measured and found to be comparable (v l ≈ 3;200 m∕s, v t ≈ 1;700 m∕s) for both p-and n-type PbSe. By these consistencies, it is implied that the parameter C l , determined by the elastic moduli, remains unchanged for both n-and p-type samples.
Fig . 5B shows the Hall mobility (μ H ) of n-and p-type samples at 300 K as well as data reported by Smirnov (34), Allgaier (35) , and Androulakis (29) . The p-type samples are selected such that the carrier density is relatively low and thus the influence from the heavy band at this temperature is negligible. It is clearly seen that the mobility of the n-type material is much higher than that of the p-type material over the entire carrier density range [there are previous studies supporting this result (34, 36, 37) , while there are also other reports suggesting that the mobility is similar between n-and p-type PbSe at room temperature (35, 38) ]. Furthermore, the SKB model provides excellent prediction of μ H vs. n H at 300 K for both n-and p-type materials at high doping levels where acoustic phonon scattering is the dominant mechanism. The curves to model the mobility data for each material can be obtained by using different deformation potential coefficient values (in absolute value), while all other model parameters are the same: for n-type samples, the parameter is Ξ ¼ 25 eV, while for p-type samples, Ξ ¼ 35 eV. The deformation potential coefficient represents the degree to which the charge carriers interact with phonons in the material. Therefore, the lower Ξ value in the n-type material reveals that the carriers are less scattered by acoustic phonons in the conduction band compared with those in the valence band.
The result that Ξ is approximately 10 eV smaller in the conduction band than in the light valence band is supported by both calculations and experimental characterization of the optical deformation potential, D iso , of both PbSe and PbTe. By definition, D iso is calculated by subtracting the isotropic deformation (40) determined D iso ¼ 14 eV at 295 K for PbSe in quantum well structures from photoluminescence and X-ray diffraction data. Ferreira (41) calculated D iso to be approximately 10 eV for PbTe using the Augmented-PlaneWave method. These values are in reasonable agreement with the D iso estimated from the elastic moduli (42) and the experimental change in band gap due to pressure (24) (41) .
The temperature dependent Seebeck coefficient and resistivity of both n-and p-type PbSe are compared with the SKB model results and shown in Fig. 6 A and B , respectively. The two samples shown have approximately the same carrier density (n H;300 K ∼ 3 × 10 19 cm −3 ). Using parameters determined in this work, the SKB model successfully predicts both the Seebeck coefficient and resistivity for n-type PbSe up to 850 K. The SKB model is poor for p-type PbSe, especially at high temperatures, due to the transport behavior resulting from two contributing bands. Most importantly, it is clearly seen that at lower temperatures, where the light valence band dominates the transport properties of p-type PbSe (Fig. 6B) , n-type PbSe shows much weaker carrier scattering (due to smaller Ξ) than p-type material, resulting in a lower resistivity, and ultimately high zT.
In the single Kane band model, the same quality factor B defined by Eq. 3 is found to characterize the suitability of the band structure through the expression of zT:
The ξ and n F m l (see SI Material for definition) dependent terms can be optimized via carrier density tuning. Subsequently, the maximum zT one could achieve for the optimized carrier density is determined by the quality factor B. In p-type PbSe the effective band degeneracy, N V , is large because of the convergence of two different valence bands, which leads to a large B and high zT. In n-type PbSe, although N V is smaller, high zT is achieved as a result of comparable quality factor, B, which stems from a smaller Ξ.
Ξ for a few semiconductor systems are found in the range of 5 to 35 eV (SI Material). Given a certain material system, the maximum zT achieved by carrier density tuning would be further increased if the deformation potential of bands participating in carrier transport could be engineered. The latter has been shown possible at least in low dimensional systems: Murphy-Armando and Fahy (43) found that the deformation potential of Γ band of n-type Ge film is decreased with strain. Also, in Si thin films embedded between hard layers of diamond (44), the mobility is found increased due to suppressed deformation potential electron-phonon scattering.
Since the original submission of this manuscript there have been reports on transport properties in n-type PbSe doped with group III elements (45) and chlorine (29) , as well as nanostructured (46) PbSe 1-x S x . Our discussion here involves complementary phenomena that should have some applicability to these results.
In summary, n-type PbSe doped with Br achieves zT values exceeding 1 at 850 K, similar to that found in p-type PbSe, making PbSe a competitive and less expensive alternative to PbTe for both types. In p-type PbSe, high zT is achieved due to the convergence of the light and heavy valence bands, acting to effectively increase band degeneracy. In n-type PbSe, with relatively low band degeneracy, high zT is achieved as a result of a low deformation potential coefficient characterizing weak scattering of the charge carriers in the conduction band. This study demonstrates the importance of the deformation potential coefficient in selecting and engineering optimum band structures for thermoelectrics. This paper highlights a discrepancy between thermal conductivity data obtained via commonly accepted laser flash method compared to the less commonly used steady-state method such as that performed by the Ioffe Institute. Because the Ioffe technique includes a radiation shield and finds no significant error resulting from radiation losses during measurement, there is no reason to believe the Ioffe data are less reliable. Thus, it will be important to the field to organize a comprehensive comparison between the two methods.
Materials and Methods
Polycrystalline samples of Pb 1.002 Se 1-x Br x with x changing from 0.04% to 0.4% were prepared using a melt alloying and hot pressing technique. Pure elements and PbBr 2 (Pb, 99.999%; Se, 99.999%; PbBr 2 99.999%, ultra dry) were weighed out according to each composition and loaded into quartz ampoules, which were then evacuated and sealed. The sealed ampoules were slowly heated up to 1,400 K and kept for 12 h followed by a water quench. The ingots obtained were further annealed at 950 K for 72 h before being crushed and ground into fine powders. The powders were then hot pressed (47) at 873 K under 1 atm argon with 40 MPa pressure for 20 min, followed by another 60 min of annealing at 873 K without pressure. A typical disk shaped sample obtained is 12 mm in diameter, approximately 1 mm in thickness, with density no less than 98% of theoretical density (8.27 g∕cm 3 ). Samples were single phase according to XRD results on the hot pressed disks. Analysis by a scanning Seebeck probe showed homogeneous Seebeck coefficient with standard deviation of 3.7 μV∕K (approximately 5% in Seebeck coefficient). Fig. 6 . Thermoelectric properties (A) Seebeck coefficient and (B) resistivity for n-type and p-type PbSe having similar carrier density. All curves are calculated from SKB model (note that the calculated Seebeck coefficient for the n-and p-type is the same and does not depend on Ξ) showing that while the n-type data fits the SKB model at all temperatures well, the p-type shows deviations at higher temperature due to two-band behavior.
The in-plane resistivities and Hall coefficients (R H ) were measured using the Van der Pauw method in a magnetic field up to AE2 T. The free surface of the sample was coated with insulating BN, which successfully prevented sample degradation at high temperature in vacuum. The Seebeck coefficients were obtained along the cross-plane direction by measuring the thermoelectric voltages as well as temperatures (48) . The cross-plane thermal conductivities were obtained from κ ¼ dD T C p , with the thermal diffusivity D T measured by the laser flash method (Netzsch LFA 457), where d is the geometric density. The heat capacity C p was determined using the equation C p ∕k B atom −1 ¼ 3.07 þ 4.7 × 10 −4 (T∕K-300) based on experimental results (49) and is believed to be accurate for lead chalcogenides (7, 13, 21, 50, 51) .
All the measurements were carried out under vacuum, and data were collected during both heating and cooling with both datasets shown. As seen in the figures, no hysteresis was observed. In addition, the temperature dependent resistivities were retested after the other high temperature measurements were done, and no appreciable change was found. The uncertainty of each measurement is estimated to be approximately 5%, which combined leads to approximately 20% uncertainty for zT. More details about the measurement uncertainty are discussed in the supplementary material. Table S1 shows the nominal composition and room temperature properties of samples discussed in the paper.
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Since ρ and κ (also S) are measured along different directions, the possibility of anisotropy can be a concern. In this study, two slices were cut from a cylinder (approximately 10 mm tall, nominal composition Pb 1.002 Se 0.9982 Br 0.0018 , with the same processing as other samples). The measurement results from each slice showed no appreciable difference beyond the measurement uncertainty (Fig. S1) .
The scanning Seebeck measurement (300 K, Fig. S2 ) was also done on a 0.18% Br-PbSe sample (3E19) to determine homogeneity of the material. The averaged Seebeck is −72 μV∕K with a standard deviation of 3.7 μV∕K.
The lattice thermal conductivity, κ L , of n-type PbSe is found to be inherently low, similar to its p-type counterpart. However, κ L obtained by subtracting electronic contribution based on the SKB model from the total thermal conductivity shows noticeable difference among samples with different doping level. Nevertheless, for a few samples with optimal carrier density and high zT, the averaged value (dashed line in Fig. S3 ) provides a reasonable estimation which indicates approximately 0.8 W∕mK around 800 K. This result is comparable with that for p-type PbSe (1) (approximately 0.6 W∕mK) and as well as PbTe [approximately 0.8 W∕mK for both p-type (2) and n-type (3)].
Repeatability and Reproducibility of Reported zT. Four samples were individually made with the room temperature Hall carrier density close to 3 × 10 19 cm −3 (2.9 × 10 19 to 3.4 × 10 19 ). The measurements show very similar values in each of the properties, which overall give zT between 1.0 and 1.2 at 850 K (Fig. S4) .
Samples were also sent to Shanghai Institute of Ceramics, Chinese Academy of Science (SIC-CAS) and National Aeronautics and Space Administration-Jet Propulsion Laboratory (JPL) for measurements. These values are also compared with recent reports of thermoelectric properties of Cl-doped PbSe (Fig. S5) The differences between results from different institutes on the same (or very similar) Br-doped samples made in this work are <5%. While measurements on different samples from different institutes but with similar n H can be as large as 15%, this is quite reasonable when taking into account the difference in preparation methods, sample density, dopant/composition choice, and dopant efficiency and measurement methods.
The thermal conductivity comparison is given in Fig. 1 in the main text. The reported data shown in Fig. 1 For all the samples that use laser flash method, very similar C p was used to calculate κ: the Caltech, SIC-CAS, and Northwestern results use experimental results reported by Blachnik; The Boston College and Wuhan Tech U results are based on measured C p that were not directly shown, but was claimed to be 10% higher than the Dulong-Petit value above 500 K (Wuhan Tech U), or should be consistent with Blachnik's result according to the given values of a similar sample (Boston College).
Single Kane Band Modeling Details. Fig. S6 shows the temperature dependence of mobilities (μ ¼ μ H ∕A, where A is the Hall factor) of Br-doped PbSe samples. Due to the generally considered temperature dependence of effective mass (9) m Ã ∼ T 0.4 in lead chalcogenides the mobility governed by acoustic phonon scattering (μ ∼ τ∕m Ã ∼ T −3∕2 ∕m Ã2.5 ) has the temperature dependence (9) of μ ∼ T −2.5 . Such a trend can be seen in Fig. S6 , thus enabling us to assume the acoustic phonon scattering is predominant, as is believed for heavily doped thermoelectric lead chalcogenides above room temperature (9) .
The relaxation time for the Kane band model with acoustic phonon scattering is given by (10):
where k B is the Boltzmann constant, ℏ is the reduced Plank's constant, m Ã is the density of state effective mass taking into account band degeneracy, C l [9.1 × 10 10 Pa for PbSe (11)] is a parameter determined by the combination of the elastic constants (12), Ξ is a combination of deformation potentials for multivalley systems (11, 12) , which describes the carrier scattering strength by acoustic phonons, N V is the band degeneracy, ε is the reduced energy, α is defined by α ¼ k B T∕ε g , where ε g is the gap between conduction and valence band at L point which is known to change with temperature via (13) ε g ∕eV ¼ 0.17 þ 4 × 10 −4 T∕K. Within the Kane model, the transport parameters are expressed as follows:
The carrier density:
The Seebeck coefficient:
ξ is the reduced chemical potential ξ ¼ u∕k B T.
The mobility:
The Hall factor A (n ¼ An H ¼ A∕eR H ):
, and the Lorenz number:
In the equations above the integral n F m l is defined by
Due to the anisotropy of both conduction and valence bands at the L point, the inertial effective mass m Ã I , and the density of states effective mass m Ã are governed by the effective band mass of a single pocket along two directions m Ã ‖ and m Ã ⊥ :
For PbSe m Ã ¼ 0.27 m e at 300 K and changes with temperature according to Fig. S7 ) was determined in this study. A similar temperature dependence was observed in PbTe (14) . Further extrapolating this to 77 K yields m Ã ¼ 0.13 m e , which is in good agreement with the value determined (15) by longitudinal Nernst-Ettingshausen effect (0.12 m e ).
Fig . S8 shows the Seebeck Pisarenko plot (S plotted against n H ) using SKB at different temperatures. Up to 800 K, the calculated curve explains the experimental data well. Fig. S9 shows the Hall mobility μ H (μ H ¼ R H ∕ρ) as a function of n H at different temperatures. At 300 K, the SKB model (solid curves) successfully explains the experimental results for samples with n H greater than 1.5 × 10 19 cm −3 . The model tends to overestimate mobilities for samples with lower carrier density, which is due to other scattering mechanisms, such as polar optical phonon scattering that usually plays an important role in lightly doped lead chalcogenides at low temperatures (11, 16) . The single parabolic band (SPB) model (dashed curve), on the other hand, failed to predict the fast drop of μ H at higher doping level which is direct evidence that the conduction band is nonparabolic, Kane-type. As the temperature increases, the model is found to overestimate the mobility, suggesting the parameters that go into the model (such as C l ) need to be temperature dependent to improve accuracy.
This nonparabolic Kane band feature is seen in both the conduction band and the light valence band, although for p-type PbSe the heavy valence band may also play an important role in the carrier transport process at high temperatures. Thus, for relatively lightly doped samples, a comparison of the zT value (Fig. S10) of n-and p-type samples with optimal carrier density (n H;300 K ∼ 1E19) in the 300 K to 400 K temperature range provides a clear demonstration of the beneficial influence of smaller deformation potential coefficient Ξ. Higher zT in n-type samples is caused by the smaller Ξ (at 300 K the ratio zT n ∕zT p ¼ 0.24∕0.10) as described in the main text.
Additional Information on Effective Deformation Potential Coefficient
Ξ. The value of deformation potentials, especially Ξ from mobility data, is reported for only a few semiconductors. In Table S2 , we list the effective deformation potential coefficient Ξ determined from mobility along with other parameters (all at 300 K) including electronegativity difference (ΔX) for systems that satisfy, or can be approximated as when n H is small, single band conduction with acoustic phonon scattering dominant at high temperature. No obvious trend was observed, suggesting that Ξ is independent of the other parameters determining thermoelectric quality factor. 
